This paper introduces a new concept of applying a parallel mechanism in automated fiber placement (AFP) for aerospace part manufacturing. By investigating the system requirements, a 4DOF parallel mechanism consisting of two revolute-prismatic-spherical joints (2RPS) and two universal-prismatic-spherical joints (2UPS) limbs with two rotational (2R) and two translational (2T) motions is proposed. Both inverse and forward kinematics models are obtained and solved analytically. Based on the overall Jacobian matrix in screw theory, singularity loci are presented and the singularity-free workspace is correspondingly illustrated. To maximize the singularity-free workspace, locations of the 2UPS limbs with the platform and base sizes are used in the optimization which gives a new design of a 4DOF parallel mechanism. A dimensionless Jacobian matrix is also defined and its condition number is used for optimizing the kinematics performance in the optimization process. A numerical example is presented with physical constraint considerations of a test bed design for AFP.
Introduction
AFP is an important manufacturing process in composite aerospace part manufacturing and has attracted much interest since future aircraft programs, such as the Boeing 787 and Airbus A350XWB, contain more than 50% by weight of advanced composite components [1] . Comparing with traditional fabrication techniques, robot based AFP offers many advantages including cutting and restarting of the fiber tows, debulking and consolidation of the material in situ, precise control of fiber placement angles, and high degree of repeatability [2] . Also, the use of robot manipulators increases the flexibility of the fiber placement process and allows for the fabrication of more complex structures [3] . Existing AFP research [1] discusses productivity, steering and control, processing conditions, materials, layup modeling and simulation, and functional integration. Robotics work [1, 2, [4] [5] [6] mainly focuses on path planning for AFP while typically a pointcloud is generated for the AFP head to follow to lay the material onto the mold.
Although many robot based AFP systems have been proposed and studied, this technology is still not widely used in industry where manual layup is still the main method due to cost constraints and level of complexity of molds. Furthermore, all previous work used serial robots as operation arms to hold the fiber placement head due to the fact that they are widely developed and used in automatic industry. However, serial robots [7, 8] generally have low stiffness and large inertia due to their serially connected structure, which affects their force and precision performance in high-compact-force applications, like AFP. In contrast to serial robots, parallel robots have multiple support limbs with low inertia, high structure stiffness, good positioning accuracy, and high speeds [9, 10] . Based on this, they are widely used in the industrial applications requiring high speed and stiffness. Thus in this paper for the first time, a parallel mechanism is introduced in AFP and an optimal design is proposed as a basis for AFP.
In general, a 6DOF platform is needed for the AFP operation to have flexibility in manufacturing all kinds of parts with complex mold surfaces. Considering the need of a moving platform to support the parallel mechanism and spindle rotation of the placement head on the parallel mechanism, a 4DOF parallel mechanism with two translations and two rotations (2T2R) will be sufficient for AFP. In parallel mechanism research, 6DOF ones [11] [12] [13] have been studied extensively with the Stewart-Gough platform with later focus moving to parallel mechanisms with less than 6DOF represented by many 3DOF ones [14] [15] [16] [17] [18] . Due to the complexity of coupling between rotation and translation and singularity issues, 4DOF parallel mechanisms have not been investigated much and related work is mainly on synthesis. A class of asymmetrical 2T2R parallel mechanisms was synthesized in Ref. [19] , while symmetrical ones were obtained in Ref. [20] using screw theory. Focusing on 2R motions, Refs. [21] and [22] synthesized new 2T2R parallel mechanisms using general function set and Lie group theory, respectively. 2T2R parallel mechanisms with decoupled rotation and translation motions were also presented in Refs. [23] and [24] . Considering the requirement of a moving base (one translation) and a rotating spindle (one rotation), 2T2R parallel platforms have been used in five-or six-axis machine tools [25, 26] . A 2PRR-2PUS parallel mechanism with a moving platform formed by two parts joined with a revolute joint was proposed for a five-axis machine tool [27] . Reachable workspace of a 2PSS-2PUS parallel mechanism with two spherical joints coincided was studied in Ref. [28] for machine tool applications while four possible singularity configurations of a 2UPR-2UPS parallel mechanism were obtained in Ref. [29] . Recently, for needle manipulation tasks a class of 2T2R parallel mechanisms was synthesized using screw theory [30] . However, little work has been found on singularity-free workspace analysis and optimal design of 2T2R parallel mechanisms.
In this paper, a 2T2R parallel mechanism is proposed for AFP where the motion is realized by a 2RPS-2UPS topology. The mechanism size is mainly determined by the 2RPS limbs. Finding the optimized locations of the 2UPS limbs is the main objective in the optimal design for giving a large singularity-free workspace [31] and good kinematics performance represented by the condition number of a dimensionless Jacobian matrix [32] . To compare the workspace volume for translation and rotation, an angle-based 3D space is proposed to have a uniform unit by representing the translations in rotations. An optimized mechanism configuration is found and the effect of joint components is also demonstrated, resulting in a practical design for AFP and other applications.
The paper is arranged as follows. Section 2 introduces the 2T2R parallel mechanism configuration for the proposal AFP system and analytical inverse/forward kinematic analysis is presented in Sec. 3. The overall Jacobian and dimensionless Jacobian matrices are developed in Sec. 4, where singularity loci are illustrated in an angle-based 3D coordinate system. Section 5 shows the optimization procedures and Sec. 6 gives a test bed design example with further mechanical constraint consideration. Conclusions are made in Sec. 7.
A 2T2R Parallel Mechanism Based AFP System
In AFP systems, fiber tows are guided by a fiber-processing head attached to the end-effector of a robot and carefully placed following a predefined robot trajectory as in Fig. 1 . To tack the tows on the mold, they are heated and compacted at the same time when the robot is moving. Since the ratio of the mass of payload over the mass of the robot is typically small for 6DOF serial robots, like the KUKA robot in Fig. 1 , the ratio is about 210 kg/ 1150 kg ¼ 0.18, the ratio can be larger than 10 for parallel robots [33] . In this case, for the same payload of 210 kg, a 21 kg parallel robot might be enough to support it. Following this, the advantage is obvious considering the space occupation and system cost. Although parallel robots suffer from the smaller workspace than serial ones, a moving base is generally used to enlarge the workspace and it is also common for serial robots in industry, like the one in Fig. 1 .
Considering one translation DOF giving by a moving base to enlarge the workspace and one rotation DOF from AFP head on the moving platform, a parallel mechanism with 2T2R DOFs is sufficient to avoid redundant movement. The proposed AFP system is shown in Fig. 2(a) , which includes a rail-based moving base. The moving base moves along the x-axis and the AFP head can rotate along its axis, which is perpendicular to the parallel mechanism platform. Thus, the parallel mechanism needs to have 2T along y-axis and z-axis and 2R about x-axis and y-axis.
The proposed 2T2R parallel mechanism consists of 2RPS limbs and 2UPS limbs as shown in Fig. 2(b) . In each limb, the revolute or universal joint is attached to the base while the spherical joint is on the platform, and prismatic joints are connected in between. The two revolute joints in the RPS limbs are located parallel to each other on the base and make the two limbs work in the same plane perpendicular to these revolute joints. It is constrained that all the joint centers on the base or platform are in the same plane. Since the UPS limbs do not constrain the platform and each RPS limb provides one constraint force passing through the spherical joint center and parallel to the revolute joint, the platform is subjected to two parallel constraint forces during all the motion and lose a translation motion along these forces and a rotation motion perpendicular to the plane containing these two constraint forces. The four prismatic joints are selected as the actuation for the 4DOF parallel mechanism.
The initial assumption of this study is that the 2RPS limbs are relatively fixed, while the 2UPS limbs can be freely chosen. This will result in variable configurations with a different singularityfree workspace and kinematics performance. Thus, the following study shows a method of optimizing locations of the 2UPS limbs with respect to the RPS limbs and the sizes of the platform and base, to get maximum singularity-free workspace with acceptable kinematics properties. Figure 2 shows a general configuration where the 2UPS limbs are on either sides of the RPS limbs, but the optimal result later has the 2UPS limbs on the same side to give a larger singularity-free workspace. 0 -axis perpendicular to the platform plane and x-axis perpendicular to A 2 A 4 . When the platform is at the initial configuration, the platform coordinate frame is parallel with the base coordinate frame. Based on these coordinate system settings, the platform will have 2T motions along y-axis and z-axis with 2R about x-axis and y-axis.
Let a i denote the constant position vector of platform joint center A i in the platform coordinate frame o 0 x 0 y 0 z 0 and b i be the constant vector of base joint center B i expressed in the base coordinate frame oxyz. Then, the limb distance constraints can be described as
where l i is the length of limb i, R is the 3 Â 3 rotation matrix covering 2R about x-axis and y-axis, p ¼ (0, p y , p z ) T is the translation vector of point o 0 in the base coordinate system oxyz, a i is the distance from point A i to o 0 and / ai is its angle in the platform coordinate frame measured from x 0 -axis, b i is the distance from point B i to o and / bi is its angle in the base coordinate frame measured from xaxis. Based on the configuration,
, and b 1 ¼ b 3 will be used in the optimization design.
Equation (1) gives the general geometric constraint of the 2RPS-2UPS parallel mechanism. It is noted that given R and p, the inverse kinematic solution can be obtained directly from Eq.
(1) to give the four input limb lengths l i . The forward kinematics analysis, in general, is more complex and Sec. 3.2 shows an analytical solution.
Analytical Forward Kinematics.
Based on the geometric structure of the mechanism in Fig. 3 , the vector of the spherical joint center A i in the base coordinate frame oxyz, a io , is given by
where a i (i ¼ 2, 4) is the angle between limb i and line B 2 B 4 as in Fig. 2 (b), and k i (i ¼ 1, 2, 4) are constant coefficients to linearly express point A 3 by the other three points in the platform plane. Then considering the geometric shape of the platform and limb lengths, the following equations exist:
where the first one represents the distance between spherical joint A 2 and A 4 , the second one describes the angle /A 1 o 0 A 2 , the third one is the distance between spherical joint center A 3 and the point o 0 , and the fourth and the fifth are the limb length expressions of limbs 1 and 3, which are same as Eq. (1).
Substituting Eq. (2) into Eq. (3) gives
where f i (•) is a linear function of (x 1 , y 1 , z 1 ) and includes cosine and sine functions of the angle a i .
The last three equations in Eq. (4) 
Thus, (x 1 , y 1 , z 1 ) can be eliminated from f 2 in Eq. (4) and f 6 , f 7 in Eq. (5). Substituting the results into f 1 , f 4 and replacing 
Following Sylvester's dialytic elimination method [35] for the two equations in Eq. (6), a univariate equation in t 4 of degree 32 is obtained where coefficient h i are real constants depending on constant mechanism parameters and input data only. Solving Eq. (7), 32 solutions for t 4 can be obtained. Then, t 2 can be solved by substituting each solution of t 4 back to the equations in Eq. (6) and solving the common roots. Following this, (x 1 , y 1 , z 1 ) can be linearly solved by substituting each pair of solutions of t 2 and t 4 into f 2 in Eq. (4) and f 6 , f 7 in Eq. (5). Based on this, 32 sets of solutions of t 2 , t 4 and (x 1 , y 1 , z 1 ) are obtained and the spherical joint center A i can be calculated by substituting a i ¼ 2ArcTan (t i ) into Eq. (2). Then, the platform position and orientation can be determined using the three spherical joint centers as
4 Jacobian Matrices and Singularity Loci for Maximum Singularity-Free Workspace 4.1 Screw Theory Based Overall Jacobian Matrix. The infinitesimal twist [36] of the moving platform of the 2RPS-2UPS parallel mechanism can be written as a linear combination of instantaneous twists of each limb
where S p represents the infinitesimal twist of the moving platform, S ij (j ¼ 1, 2, 3, 4, 5, 6) denotes the unit screw of the jth 1DOF joint in limb i, _ l i is the distance rate of the prismatic joint in limb i, and _ / ij (j ¼ 1, 2, 4, 5, 6) represent angular rates of the universal joint and spherical joint in limb i.
Thus by locking the active joints in the limbs temporarily and taking the reciprocal product on both sides of Eq. (9), four actuation reciprocal screws and two geometric constraint screws can be found to give the following expression: 
where x ¼ (1,0,0) T , u i is the unit vector of the ith limb direction, _ l a represents a vector of the four linear input rates, S r i1 (i ¼ 1, 2, 3, 4) is the actuation screw reciprocal to all joint motion screws in the ith limb except the prismatic joint screw S i3 and it is collinear with the limb, and S r i2 (i ¼ 2, 4) is the reciprocal screw of geometric constraint to all motion screws in limb i and it passes through the spherical joint center with the direction parallel to the revolute joint [37] .
Thus, J is the 6 Â 6 overall Jacobian matrix. The first four rows are the four actuation forces represented by actuation Jacobian J a in Eq. (10), while the last two rows are constraint forces denoted by constraint Jacobian J c . The zero determinant of the overall Jacobian J represents singular velocity mappings and singular configurations of the parallel mechanism. Due to the some mechanism arrangement symmetry, like limbs 2 and 4, and the design that all joints are on the same plane for both the base and platform, the singularity equation from the determinant of the Jacobian J is simplified and further study can also consider the method in Ref. [38] to have the potential to simplify the final equation.
4.2 Dimensionless Jacobian Matrix for Kinematics Performance Evaluation. Since the 2RPS-2UPS parallel mechanism has 2T2R motions, the actuation Jacobian J a involves both linear and angular velocity mappings. Thus, its singular values are not in the same unit and its condition number cannot be used directly for kinematics performance evaluation. Following this, a dimensionless Jacobian matrix is introduced. One approach is to map the platform velocity to linear velocities in some directions at selected points on the platform representing the platform mobility [32] . This mapping provides a uniform unit between the linear platform point velocities and linear actuation limb inputs. Considering the motion type of the 2RPS-2UPS parallel mechanism, four linear velocities at three points on the platform are selected (Fig. 4) .
To present the 2T motion of the platform along y-axis and zaxis, linear velocities along n 1 ¼ (0,1,0) T and n 2 ¼ (0,0,1) T at point O 0 are selected. For the 2R motions about x-axis and y-axis, linear velocities along n 3 ¼ (0,1,0)
T at point P 3 and along n 4 ¼ (0,0,1)
T at point P 4 are selected. Then, these linear velocities can be expressed by the platform velocity in the platform coordinate frame as
where v i is the linear velocity along n i at the selected point,
ði ¼ 1;2;3;4Þ, and p i is the vector of point i at which linear velocities are selected and
, and p 4 ¼ (Àa 1 ,0,0) T . From Eq. (10), there is
Combining Eqs. (11) and (12), the selected linear velocities can be obtained directly from the linear actuation input velocities
where
is the 4 Â 4 dimensionless Jacobian matrix. Transactions of the ASME 4.3 Parameterization and Singularity Loci. From Sec. 4.1, the overall Jacobian matrix J maps the velocities between the manipulator and the actuation input while satisfying the geometric constraints. Once the manipulator meets the singular configuration, this mapping loses its function and the rank of the Jacobian matrix decreases to less than 6. This can be also interpreted that the four actuation forces and two constraint forces in J are linearly dependent. Inversely, identifying the dependent conditions for the constraint forces in the workspace will reveal the singular configurations of the manipulator. This can be analyzed by taking the determinant of J to be zero.
In order to illustrate the singularity loci in a uniform unit, the motion of the platform is described by 2R angles (a, b) in the rotation matrix R and a lengths d and an angle h in the translation
For different lengths d, 3D singularity loci in the coordinates (a, b, h) can be shown (Fig. 5) .
In Fig. 5(a) , the singularity loci correspond to the mechanism configuration with 2UPS limbs located on the two sides of the plane B 2 A 2 A 4 B 4 formed by the 2RPS limbs. One singular configuration is shown in Fig. 5(a) , which is a type 5a [39] singularity as the six skew constraint forces (short lines at the spherical joints) in the overall Jacobian matrix form a five-system with one redundant. Similarly, another example is shown in Fig. 5(b) in which the singularity loci are for the configuration with the 2UPS limbs on the same side of the plane B 2 A 2 A 4 B 4 . This singular configuration is also a type 5a [39] singularity.
Maximum Singularity-Free Workspace.
Following the singularity loci in Sec. 4.3, the maximum singularity-free workspace is defined as the maximum workspace starting from the initial configuration (a ¼ 0, b ¼ 0, h ¼ p/2, variable d) to the first point meeting the singularity loci. An example with a given d is shown in Fig. 6(a) in which the red part is the singularity loci and the light blue circles represent the maximum singularity-free workspace with different h. One of the circles is illustrated in Fig. 6(b) in which the black circle has the maximum radius on the (a, b) plane starting from (a ¼ 0 and b ¼ 0) to the singularity loci in blue. The integration of these circles in the (a, b, h) coordinate gives the maximum singularity-free workspace [40] corresponding to a given d and mechanism geometric constraints including passive joint ranges. There are several ways to find the maximum circle as shown in Refs. [41] and [42] and it is not repeated here. Then by integrating all possible platform translation vector length d, the maximum singularity-free workspace of the 2RPS-2UPS parallel mechanism is obtained. 
To have a relative relation, the length parameters are normalized by the base size b as
, and a 3 , b 3 are replaced by a 1 , b 1 . Thus, k a represents the ratio between the platform and base sizes, k a1 and k b1 show the ratios of the spherical and universal joint location radii over the base size, and k d represents the translation of the platform. Based on the singularity loci analysis in Sec. 4.3, it is found that the mechanism has a type 5d singularity as in Fig. 5(a) when the 2UPS limbs are separated by the plane B 2 A 2 A 4 B 4 formed by the 2RPS limbs. Thus, in the following, the 2UPS limbs are placed on one side. Considering the symmetrical property of two sides with respect to the plane B 2 A 2 A 4 B 4 , a range of (p, 3p/2) corresponding to the right side of the plane B 2 A 2 A 4 B 4 for all the four location angles (/ b1 , / a1 , / b3 , and / a3 ) will be used. In addition to this, mechanical constraints including maximum passive joint angles and limb interference should also be considered in the optimization. In the following, passive joint angles are limited in the range as Àw max w i w max , where w i denotes rotation angle from its home position of any revolute joint, spherical joint, and universal joint while w max is given p/4. The minimum distance between any two limbs is limited to be 0.01 to avoid limb interference and the limb lengths are determined by limiting the platform translation with 0.8 k d 1.4.
For the kinematics performance, condition number k i ¼ r max / r min , (r max and r min are the maximum and minimum singular values of the dimensionless Jacobian J D ) is a widely used parameter in parallel mechanism design and optimization [43] . As mentioned above, the condition number is calculated using the dimensionless Jacobian considering the coupled mapping with linear and angular velocities.
The optimal design of the 2RPS-2UPS parallel mechanism in this paper is to find the best parameter set to have maximum singularity-free workspace with good kinematics performance. Thus, the optimal design cost function can be given as 
where V is the maximum singularity-free workspace, and k is the inverse average condition number in the workspace V and is between 0 and 1. The best kinematics performance corresponds to the value 1 when the velocity mapping is isotropic. a 1 and b 1 . Based on the above analysis, the maximum singularity-free workspace and kinematics performance are calculated with variable k a , k a1 , and k b1 as shown in Fig. 7 in which the location angles are given as ( In Fig. 7 , the solid lines are for k a ¼ 0.5 and dashed lines are with k a ¼ 0.8 which is the same for the following analysis. For each k a (solid or dashed) case, the different color lines are for variable k b1 and in each line k a1 changes in the range (0.4, 1.6) as shown in the horizontal axis. In Fig. 7 , comparing the solid and dashed lines it can be seen that a smaller ratio between the platform size and the base size generally gives larger maximum singularity-free workspace V and better kinematics performance. Similarly, the increase of ratio k b1 (the location radius of the UPS limbs on the base over the base size) decreases workspace V and the kinematics performance. In Fig. 7(a) , when k b1 ¼ 0.6 is a separate line (green lines) at which the workspace is balanced at a value even k a1 changes. The workspace increases with the increase of k a1 when k b1 > 0.6 (blue, black, and purple) and it decreases when k b1 < 0.6 (red). For the kinematics performance in Fig. 7(b) , a bigger number of k a1 gives better performance based on the inverse average condition number. In both figures in Fig. 7 , there are some points close to zero. This is due to the singularity loci being close to the initial configuration (a ¼ 0,
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resulting in a very small singularity-free workspace and poor kinematics performance.
Effect of
Parameters / b1 and / a1 . Parameters / b1 and / a1 represent the locations of the two ends of limb 1 on the platform and on the base. From Fig. 7 and the analysis, k b1 ¼ 0.6 and k a1 ¼ 0.5 are selected in the following location angle optimization. The effect on both singularity-free workspace V and kinematics
, representing the location of the spherical joint in limb 1 on the platform. Similar with Fig. 7 , a smaller ratio k a of platform over base size provides a larger singularity-free workspace and better performance by comparing the same color lines in solid and dashed forms. Comparing among the colors in Fig. 8(a) , when / a1 is smaller, e.g., when the spherical joint of limb 1 on the platform is close to that of limb 2, the singularity-free workspace is larger. For a given / a1 , V increases with the increase of / b1 and the spherical joint center of limb 1 is close to that of limb 3 on the platform. When / b1 increases further, the workspace decreases. This is a little different for the kinematics performance in Fig.  8(b) in which both smaller / a1 (red line) and bigger / a1 (purple line) show bigger values of the inverse condition number. This indicates that the spherical joint of limb 1 should be close to either limb 2 or limb 4. To have better kinematics performance for a given / a1 , / b1 should be big when / a1 is small and / b1 should be small when / a1 is big. Thus, the spherical joint and the universal joint in limb 1 should be away to each other.
It is noted that parameters / b3 and / a3 have the same effect as / a1 and / b1 , considering the symmetrical structure of the parallel mechanism and same form of limbs 1 and 3. Thus, the above results from Fig. 8 can be directly applied to limb 3.
Parameters / a1 and / a3 . The two parameters / a1 and / a3 represent the locations of the spherical joints of limbs 1 and 3 on the platform. Figure 9 shows their effect on the maximum singularity-free workspace and kinematics performance while / b1 ¼ 3p/4 and / b3 ¼ 5p/4. Solid lines are for k a ¼ 0.5, dashed lines for k a ¼ 0.8, and different color lines for different angles of / a1 . It can be seen that a smaller k a gives much better kinematics performance and a larger singularity-free workspace when / a3 is large, e.g., the spherical joint of limb 3 is close to that of limb 4 on the platform. For V, it is preferable to have smaller / a1 and bigger / a3 while for the kinematics performance it is better to have both of them close to p as in Fig. 9 . increasing from red, green, blue, and black to purple. In general, dashed lines are lower than solid ones indicating that a smaller k a is better. For the maximum singularity-free workspace in Fig. 10(a) , smaller / b1 corresponds to larger V when / b3 is less than p, while it is opposite when / b3 is less than 5p/4. This means that it is better to have the two universal joints of limbs 1 and 3 to be close to have a larger singularity-free workspace. The trend of the kinematics performance curves is much clearer as in Fig. 10(b) comparing with the workspace ones. It is seen that a smaller / b3 and a larger / b1 give the best kinematics performance as shown by the top purple line. This needs the 2UPS limbs to be crossed and the two universal joints far away from each other.
Effect of Parameters
To conclude the above analysis, the ratio (a/b) between the platform size (a) and the base size (b) should be small for both singularity-free workspace and kinematics performance. The spherical joints on the platform (a 1 ) and universal joints on the base (b 1 ) in limbs 1 and 3 should be close to limbs 2 and 4 to have large singularity-free workspace while they have to be crossed to give good kinematics performance. To compromise these and avoid limb interference, a "V" shape assembly of limbs 1 and 3 can be obtained. For this, there are also two solutions while one is to assemble the two spherical joints on the platform close to each other and the other is to let the two universal joints on the base close to each other. However, comparing Fig. 9 and Fig. 10 it is clear that a better combination of both singularity-free workspace and kinematics performance can be obtained by selecting the latter way with the two universal joints close to each other and the two spherical joints separate on the platform. Based on these, the following optimized mechanism design is obtained (Fig. 11) .
An Optimized 2T2R Parallel Mechanism for AFP
In this section, a design example is given by following the above optimization procedures. Section 5 gives the whole map for mechanism design parameters for singularity-free workspace and kinematics performance. In specific design, effect from selected mechanical components on the maximum singularity-free workspace should be also figured out.
In general, the platform and base sizes (a and b) can be determined by considering the actual application requirement. To hold the fiber placement head, a minimum size of the platform should be used. Following the above analysis, this minimum size should be selected to have a small platform size over base size ratio (a/b) for large singularity-free workspace and good kinematics performance. The selection for the location of the limbs 1 and 3 on the platform (a 1 ) and on the base (b 1 ) follows the rule shown in Fig. 6 in which a relatively small b 1 and a compromised a 1 should be selected. Limb lengths and strokes and maximum passive joint angles relate to component selection which can be optimized by comparing different sizes. Here, the limb lengths and strokes are for the prismatic joints and the maximum passive joint angles are for the spherical joints, universal joints, and revolute joints. The former can be represented by a stroke ratio as where l max and l min represent the maximum and minimum limb lengths, respectively, while all the limbs have the same size. In the following, an example will be given to optimize the selection of k l and w max based on the optimized mechanism configuration in Fig. 11 . Basic parameters are given as a ¼ 0.18, b ¼ 0. Fig. 12 for which limb interference is included with minimum distance between any two limbs as 0.01. From Fig. 12 , it can be seen that the singularity-free workspace increases with the increase of the stroke ratio k l but the kinematics performance decreases at the same time. This is due to the expanded workspace part closer to singularity configurations and hence the kinematics performance is worse. Similarly, a larger maximum passive rotation joint angle, w max , will give a larger singularity-free workspace but worse average kinematics performance as in Fig. 12 . These conclusions are actually intuitive since a larger joint workspace will allow a larger platform workspace. Figure 12 not only shows this effect but also gives a way in selecting the limb stroke and passive rotation joints. To have the singularity-free workspace V ¼ 4 as an example, the available stroke ratio k l is between 0.54 and 0.75 giving the maximum passive rotation joint angle w max between 5p/36 and p/4. Once a stroke is selected, for example, k l ¼ 0.6, the corresponding kinematics performance can be obtained in Fig. 12(b) with 0.127 k 0.133. It is also noted that to have a better kinematics performance, the smallest w max ¼ 5p/36 should be selected in the design corresponding to the red line.
Conclusions
This paper has presented an optimized design of a 4DOF 2T2R parallel mechanism, for AFP for airplane part manufacturing. The proposed parallel mechanism consists of 2RPS and 2UPS limbs. A general kinematics model is derived and solved analytically.
While the inverse kinematics is straight forward the forward kinematics gives 32 solutions for a given input. A screw theory based Jacobian matrix combines the two constraint forces and four actuation forces, and their dependency gives the singularity configurations. A maximum singularity-free workspace is defined and used as one of the objective functions in optimization design. Dimensionless Jacobian matrix based kinematics performance gives another evaluation criterion in the design and demonstrated opposite trends with the maximum singularity-free workspace. The compromise between the workspace and the kinematics performance resulted in an optimized 2RPS-2UPS parallel mechanism. An example illustrated the properties of the optimized configurations and a way for selecting passive and active joints to maximize the kinematics performance based on given workspace requirements. Fig. 12 Effect of parameters k l and w max : (a) maximum singularity-free workspace and (b) kinematics performance
